The low-lying dipole strength of the N = 28 closed-shell nucleus 52 Cr was studied with nuclear resonance fluorescence up to 9.9 MeV, using bremsstrahlung at the superconducting Darmstadt linear electron accelerator S-DALINAC. Twenty-eight spin-1 states were observed between 5.0 and 9.5 MeV excitation energy, 14 of which for the first time. Both electric dipole excitations (E1, around 8 MeV) and magnetic dipole excitations (M1, around 9 MeV) were detected. Microscopic calculations within the quasiparticle-phonon nuclear model were performed and show good agreement with experimental results. The structure of E1 and M1 excitations, respectively, is discussed.
I. INTRODUCTION
Low-lying electric and magnetic dipole strengths (E1 and M1, respectively) of atomic nuclei has drawn considerable attention in recent years [1] [2] [3] [4] . The concentration of E1 strength below or in the vicinity of the particle separation energy is usually denoted as pygmy dipole resonance (PDR), whose structure is currently under debate [5] [6] [7] . The PDR is commonly assumed (macroscopic picture) to result from oscillations of excess neutrons against an isospin saturated N ≈ Z core. This behavior is also expected from microscopic model calculations [8, 9] .
Although a concentration of low-energy E1 strength has been observed experimentally in both stable and unstable nuclei at shell closures, for example, for the O [10, 11] , Ca [12] [13] [14] , Ni [2, [15] [16] [17] , Sn [18] [19] [20] [21] [22] , and Pb isotopes [9, [23] [24] [25] [26] as well as for the N = 50 [27] [28] [29] and N = 82 isotones [30] [31] [32] [33] [34] , there are considerably fewer recent data on N = 28 isotones [35] [36] [37] [38] . While in stable N ≈ Z nuclei up to 40 Ca the PDR is not significantly developed, in 48 Ca (N = 28), the interpretation of the low-energy E1 strength as PDR is under debate [39, 40] . In stable A > 50 Ni isotopes the PDR is substantially developed already [2, [15] [16] [17] . Apparently, the PDR starts to form near mass number A ≈ 50. Experimental information on the N = 28 isotone 52 Cr may help to clarify the situation. In addition to E1 strength, stable fp-shell nuclei exhibit spin-flip M1 resonances [4, 16] , mainly from f 7/2 → f 5/2 orbitals, for both protons and neutrons.
In the present work, real photon scattering (nuclear resonance fluorescence (NRF); see Refs. [41] [42] [43] ) of 52 Cr was studied up to 9.9 MeV in order to investigate low-lying dipole strength (E1 and M1) in the fp-shell region with improved sensitivity compared to previous work [35, 36, 44] . Results of the electric quadrupole (E2) strength distribution from the present experiment are published elsewhere [45] .
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II. EXPERIMENTAL METHOD AND DATA ANALYSIS
The NRF experiment was performed at the superconducting Darmstadt electron linear accelerator S-DALINAC [46] using unpolarized bremsstrahlung with end-point energies of 8.0(1) and 9.9(1) MeV, respectively. The measurements with 8.0(1) MeV bremsstrahlung were carried out to identify transitions via intermediate states. The setup is described in detail in Ref. [47] . Bremsstrahlung was produced by stopping completely the intense electron beam from the S-DALINAC's injector in a thick copper radiator target. Scattered γ rays were detected by two high-purity germanium (HPGe) detectors with 100% efficiency relative to a standard 3 × 3 in 2 NaI detector at 90
• and 130
• with respect to the incident beam. The detectors were surrounded by lead and bismuth germanate Compton suppression shields. The first measurement was performed with 996.4(5) mg of an isotopically enriched 52 Cr target (99.8% enriched) using an end-point energy of E 0 = 9.9(1) MeV and average beam currents of about 45 μA. In this measurement data were taken for 62 h. For energy and photon-flux calibrations 1004.1(5) mg of natural boron were used that were irradiated simultaneously. The efficiency of the two HPGe detectors was determined with a 56 Co source up to about 3500 keV energy. For higher photon energies the γ -ray detection efficiencies were extracted from a simulation using the GEANT4 toolkit [48] . The second measurement was performed with 2954(1) mg of natural chromium (natural abundance of 52 Cr is 83.789%) at E 0 = 8.0(1) MeV end-point energy and average beam currents of about 42 μA. In this measurement data were taken for 23 h. Photon scattering spectra of the 52 Cr(γ, γ ) reaction between 3500 and 10 000 keV for the detector at 130
• , measured at E 0 = 9.9(1) MeV, are shown in Figs. 1(a), 1(b), and 1(c). In the following, transitions corresponding to direct decays to the ground state are called elastic transitions and those decaying via intermediate states are referred to as inelastic transitions.
In NRF measurements the excitation mechanism is purely electromagnetic, and intrinsic properties like spin, parity, and transition probabilities can be determined from the measured quantities (angular distribution, polarization asymmetries, • detector, measured at E 0 = 9.9 MeV. Ground-state transitions of 52 Cr are indicated by arrows, and unmarked peaks correspond to inelastic transitions or escape peaks, or result from background radiation.
γ -ray energy, and intensity [41] [42] [43] ) in a model-independent way. For details of the analysis as well as for the basic relations between the detected number of events and energy-integrated cross sections (I i,0 ), transition widths, as well as E1 and M1 transition strengths, we refer the reader to the reviews by Metzger [43] and Kneissl and co-workers [41, 42] .
Because not all parity quantum numbers of excited J = 1 states in 52 Cr are known, the reduced transition width into the ground state g 0 red = g 0 /E 3 γ is given as an alternative to B(M1) and B(E1) values, being proportional to these values. Here, g = 3 denotes the statistical factor of dipole excitations from the J π = 0 + ground state, and the partial decay width into the ground state is indicated by 0 in addition to the γ energy E γ .
III. RESULTS AND DISCUSSION
The experimental results are summarized in Table I . Sixteen of these excited states of 52 Cr are already known from various earlier experiments [35] [36] [37] 49, 50] . However, the present experiment is more sensitive. Fourteen new states were identified in the present experiment and uncertainties for cross sections were reduced in many cases. Previously observed levels at 5213.7 keV from 52 Cr(p, p ) 52 Cr (see Refs. [50, 51] ) and at 6389.9 keV from 51 V( 3 He, d) 52 Cr and 51 V(p, γ ) 52 Cr (see Refs. [50, 52, 53] ) were assigned a total angular momentum J = 1 from the angular distribution in the present experiment. Other known levels that have mainly been identified from the 52 Cr(e, e ) [49] and 52 Cr(γ , γ ) [35] [36] [37] experiments are also observed in the present work, and J π assignments were done. An angular momentum of J = 1 was found in this work for the 6495.5-keV state where a previous 52 Cr(γ , γ ) [37] experiment had proposed J = 2. Definite parity quantum numbers of the 7524.1-, 7731.9-, 7897.4-, 9140.3-, and 9211.9-keV states were adopted from earlier NRF experiments with polarized bremsstrahlung [36] . For the J = 1 levels at 7166.2, 7865.1, 9327.0, and 9429.0 keV, positive parity was adopted, because these excitations were previously observed in a backward-angle low momentumtransfer electron scattering experiment [49] . The deduced M1 strengths from the present experiment are in general agreement with the (e, e ) data from Ref. [49] with a few exceptions where the values from electron scattering exceed the NRF result at a two-to three-standard-deviation level. This may arise due to weak unobserved decay branches to excited states. While the high sensitivity of the (e, e ) data indicates that attributing electric character to at least the stronger dipole excitations with unknown transition character is likely, we refrained from making a firm assignment to the data of Table I because an unambiguous experimental confirmation of the parities for the related J = 1 states is still lacking. The 6462.0-keV γ ray could be an inelastic transition depopulating the 7897.4-keV level. However, because this transition is also observed in the measurement with 8.0(1) MeV end-point energy, we consider it to be elastic. 52 Cr(γ , γ ) reaction with an end-point energy of 9.9 MeV. Experimental uncertainties of the excitation energies are less than 0.5 keV. with unknown polarity. The total strength of dipole excitations with firmly assigned radiation character exceeds the strength of unassigned character by a factor of 1.9.
Calculations within the microscopic quasiparticle-phonon nuclear model (QPM [18, 54] ) were performed using a basis which includes one-, two-, and three-phonon configurations to interpret the dipole strength distributions of 52 Cr in a microscopic way. and that the corresponding factor in the QPM is 0.6, while shell-model calculations for the N = 28 [55, 56] isotones find a factor 0.75.
The QPM results agree well with the experimental findings. In these calculations, the main one-phonon components of the strongest 1 − state are located below 10 MeV and do not belong to the giant dipole resonance. Taking the strongest E1 excitation as an example, the excitation energy is about 400 keV lower than predicted, and the predicted strength of 18.3 × 10 −3 e 2 fm 2 almost agrees within experimental errors with the measured value of 19.7(10) × 10 −3 e 2 fm 2 . Energy and strength of the strongest E1 excitations also agree with findings in neighboring nuclei [2, 16] , including the fact that the Thomas-Reiche-Kuhn (TRK) [57] isovector E1 sum rule is exhausted to less than 0.3% by this low-lying strength. Assuming electric character for the excitations at 7.37, 7.89, 8.02, 8.09, and 8.18 MeV in addition to the two known unambiguous E1 excitations, the TRK sum rule exhaustion amounts to ≈0.15%. This value is smaller but close to those observed for the PDR in the slightly heavier Fe and Ni isotopes [16] .
Spin-M1 strength is well known to exist around 9 MeV excitation energy in the N = 28 isotones. In addition to highresolution electron scattering data of Refs. [49, 58] , theoretical analyses have been shown to reproduce the measured values well. In addition to the QPM calculations presented here, a good account of the M1 strength distribution including an appropriate description of the fragmentation is also obtained within the shell model [55, 56] . The present data show an accumulation of M1 strength (for stronger excited J π = 1 + levels) near 9 MeV [see Fig. 2 (a)] excitation energy, in agreement with the findings from electron scattering and previous photon scattering work. This observation is also corroborated by the microscopic QPM calculations [see Fig. 2(b) ]. Strong M1 transitions appear near 9 MeV excitation energy due to the isovector f 7/2 → f 5/2 spin-flip M1 resonance, while weaker transitions appear near 8 MeV excitation energy corresponding to the isoscalar f 7/2 → f 5/2 spin-flip M1 strength.
IV. SUMMARY AND OUTLOOK
An NRF experiment on the semimagic 52 Cr nucleus was performed to study its low-lying dipole strength up to 9.9 MeV. Fourteen new transitions were identified in the present experiment. The observed dipole strengths agree with microscopic QPM calculations. The occurrence of electric dipole strength in this pygmy-dipole-resonance region and spin-M1 excitations with comparable energy suggests the need for determining the excited states' parities through polarized photon scattering of Compton polarimetry if a more quantitative understanding would be aimed for. Further experiments in the A ≈ 50 mass region may provide additional information on the onset of the PDR in atomic nuclei as a function of nucleon numbers.
